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Fractographic  results  showed  that  crack  growth  followed 
predominantly  along  prior-austenite  grain  boundaries,  with  a 
small  amount  of  quasi-cleavage ,  at  low  temperatures .  At  high 
temperatures,  crack  growth  occurred  primarily  by  microvoid 
coalescence.  The  fracture  surface  morphology,  which  is 
indicative  of  the  micromechanisms  for  crack  growth,  was  es¬ 
sentially  the  same  for  hydrogen  and  hydrogen  sulfide.  Changes 
in  fracture  morphology,  i.e.,  crack  paths,  corresponded  to 
changes  in  crack  growth  kinetics,  both  of  which  depended  on 
pressure  and  temperature.  There  was  no  evidence  for  crack 
nucleation  in  advance  of  the  main  crack,  and  this  suggests  that 
the  fracture  process  zone  is  located  within  one  prior-austenite 
grain  diameter  from  the  crack  tip, 


The  experimental  results  indicate  that  microstructure  plays 
an  important  role  in  determining  crack  growth  response.  The 
prior-austenite  grain  boundaries  are  seen  to  be  most  susceptible 
to  hydrogen  embrittlement,  followed  by  the  {110}a'  and  {112}a' 
cleavage  planes.  The  martensite  matrix,  on  the  other  hand,  is 
relatively  immune.  The  observed  changes  in  crack  growth  rate 
with  temperature  and  pressure  in  the  higher  temperature  region 
are  explained  in  terms  of  the  partitioning  of  hydrogen  into  the 
different  microstructural  elements  and  the  consequent  changes 
in  the  micromechanisms  for  fracture. 
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ABSTRACT 

A  study  of  the  correlation  between  crack  paths  and  crack 
growth  response  was  undertaken  to  better  define  the  elemental 
processes  involved  in  gaseous  hydrogen  embrittlement.  AISI  4340 
steel  fractured  under  sustained  load  in  hydrogen  and  in  hydrogen 
sulfide  over  a  range  of  temperatures  and  pressures,  whose  crack 
growth  kinetics  have  been  well  characterized  previously,  was 
chosen  for  study. 

Fractographic  results  showed  that  crack  growth  followed 
predominantly  along  prior-austenite  grain  boundaries,  with  a 
small  amount  of  quasi-cleavage,  at  low  temperatures.  At  high 
temperatures,  crack  growth  occurred  primarily  by  micro void  coa¬ 
lescence.  The  fracture  surface  morphology,  which  is  indicative 
of  the  micromechanisms  for  crack  growth,  was  essentially  the  same 
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for  hydrogen  and  hydrogen  sulfide.  Changes  in  fracture  morphol¬ 
ogy,  i.e.,  crack  paths,  corresponded  to  changes  in  crack  growth 
kinetics,  both  of  which  depended  on  pressure  and  temperature. 
There  was  no  evidence  for  crack  nucleation  in  advance  of  the  main 
crack,  and  this  suggests  that  the  fracture  process  zone  is 
located  within  one  prior-austenite  grain  diameter  from  the  crack 
tip. 

The  experimental  results  indicate  that  microstructure  plays 
an  important  role  in  determining  crack  growth  response.  The 
prior-austenite  grain  boundaries  are  seen  to  be  most  susceptible 
to  hydrogen  embrittlement,  followed  by  the  {110}ai  and  {112}ai 
cleavage  planes.  The  martensite  matrix,  on  the  other  hand,  is 
relatively  immune.  The  observed  changes  in  crack  growth  rate 
with  temperature  and  pressure  in  the  higher  temperature  region 
are  explained  in  terms  of  the  partitioning  of  hydrogen  into  the 
different  microstructural  elements  and  the  consequent  changes  in 
the  micromechanisms  for  fracture. 
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1.  INTRODUCTION 

It  is  well  known  that  high-strength  steels  exposed  to 
hydrogen-bearing  environment  exhibit  high  susceptibility  to 
hydrogen  embrittlement  under  sustained  load.  Studies  of  crack 
growth  in  hydrogen  and  hydrogen  sulfide  have  indicated  that  the 
kinetics  of  Stage  II  crack  growth  show  substantially  different 
response  in  two  temperature  regions  [1-5]  (see  Section  3  and 
Figs.  1  and  2).  At  "low"  temperatures,  crack  growth  reflects 
control  by  transport  of  gases  to  the  crack  tip  (or  external 
transport)  or  reaction  of  the  gas  with  newly  created  surfaces  at 
the  crack  tip,  or  hydrogen  diffusion(or  internal  transport)  to 
the  embrittlement  region  ahead  of  the  crack  tip.  The  crack 
growth  rates  conform  to  the  temperature  and  pressure  dependence 
of  the  rate  controlling  process  [3-6],  The  transfer  of  control 
from  one  process  to  another  and  the  resultant  change  in  crack 
growth  rates,  as  one  changes  environmental  conditions  in  the 
"low"  temperature  region,  are  reasonably  well  understood  [6], 

At  "high"  temperatures,  the  crack  growth  rates  are 
substantially  lower  than  those  predicted  by  the  low-temperature 
rate  controlling  process  if  it  had  remained  in  control.  The 
reasons  for  the  decrease  in  growth  rate  with  increasing 
temperatures  in  this  region,  however,  are  less  clear.  The 
decrease  may  result  from  a  decrease  in  the  rate  of  supply  of 
hydrogen  engendered  by  changes  occurring  outside  of  the  steel 
[1,2],  or  from  a  phase  transformation  at  clean  fracture  surfaces 
[7],  or  from  changes  in  fracture  paths  caused  by  the  distribution 
of  hydrogen  into  different  regions  of  microstructure. 
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Clarification  of  this  issue  is  essential  to  the  further 
understanding  of  rate  controlling  processes  for  Stage  II  crack 
growth  response  and  of  hydrogen  embrittlement  mechanisms. 

Hydrogen  embrittlement  apparently  involves  a  region  of 
material  ahead  of  the  crack  tip.  In  other  words,  it  occurs  by  a 
"volume  embrittlement"  mechanism  as  opposed  to  a  "surface" 
mechanism  [8-11].  This  volume  embrittlement,  or  reduction  in 
local  fracture  stress,  results  from  interactions  of  the 
microstructure  with  the  deleterious  species  (e.g.,  hydrogen)  that 
enter  the  material  to  reduce  the  interatomic  bond  strength,  or  to 
alter  the  local  chemistry  or  microstructure.  As  a  result  of 
these  interactions,  cracks  tend  to  follow  specific  paths  through 
the  microstructure.  The  particular  paths  and  rates  of  growth  are 
expected  to  depend  on  the  local  concentration  of  the  deleterious 
species  on  and  the  rate  of  supply  of  these  species  to  the  various 
fracture  sites.  The  paths,  therefore,  are  expected  to  depend  on 
temperature  and  pressure  of  the  environment.  Changes  in  fracture 
surface  morphology  or  crack  paths  with  environmental  conditions 
have  been  recognized  previously  [7],  Their  role  in  altering 
crack  growth  response,  however,  has  not  been  systematically 
studied. 

Since  fractographic  analysis  has  served  as  a  powerful  tool 
for  defining  the  elemental  prcoesses  involved  in  fracture,  this 
technique  is  often  used  in  conjunction  with  stress  corrosion 
cracking  or  hydrogen  embrittlement  tests.  Some  fundamental 
characteristics  of  fracture  surfaces,  produced  by  hydrogen 
assisted  crack  growth  or  embrittlement  have  been  identified  [7, 


12-19],  In  high-strength  steels,  hydrogen-assisted  subcritical 
crack  growth  is  often  characterized  by  intergranular  separation 
and  by  transgranular  cleavage  and  quasi-cleavage  [2,20,21],  In 
addition,  transgranular  failure  by  microvoid  coalescence  has  also 
been  observed  [16,20,22,23],  These  quite  different  and  apparently 
contradictory  findings  may  have  resulted  from  the  fact  that  many 
of  the  variables,  which  can  affect  the  mode  of  hydrogen-assisted 
crack  growth,  were  different  in  the  various  studies.  Clearly,  to 
advance  the  state  of  understanding,  f ractographic  analysis  must 
be  carried  out  in  conjunction  with  well  controlled  crack  growth 
experiments,  and  must  be  correlated  with  the  observed  crack 
growth  response. 

Furthermore,  in  developing  suitable  models  for  gaseous 
hydrogen  embrittlement,  it  is  essential  to  establish  the  location 
of  the  fracture  process  zone  (FPZ).  Models  based  on  the  critical 
role  of  stress  in  gaseous  hydrogen  embrittlement  suggested  that 
the  FPZ  can  be  either  at  the  crack  tip  (surface  mechanism)  [8,9] 
or  at  some  distance  away  from  the  crack  tip  (volume  embrittle¬ 
ment)  [10,11],  On  the  other  hand,  it  has  been  suggested  that 
hydrogen  assisted  fracture  may  occur  in  a  "near  surface  region" 
in  between  the  crack  tip  and  the  maximum  depth  of  hydrogen 
transport  by  diffusion.  The  size  of  this  region  is  estimated  to 
be  of  the  order  of  1  to  10  pet  of  the  plane  strain  plastic  zone 
size  [24,25],  Thus,  the  location  of  FPZ  requires  further 
investigation. 

In  the  present  study,  an  experimental  program  was  undertaken 
to  better  define  the  elemental  processes  involved  in 
environmentally  assisted  fracture.  Specifically,  cracking  of 


AISI  4340  steel  under  sustained  load  in  hydrogen  and  in  hydrogen 
sulfide  over  a  range  of  temperatures  and  pressures  was  selected 
for  study,  because  the  crack  growth  kinetics  have  been  well 
characterized  previously  [3,4].  In  addition,  a  special  experiment 
was  devised  to  determine  whether  there  is  crack  nucleation  well 
ahead  of  the  main  crack.  The  results  are  considered  in  relation 
to  the  crack  growth  kinetics,  and  to  the  mechanism  and  rate 
controlling  processes  for  crack  growth. 

2.  MATERIAL  AND  EXPERIMENTAL  WORK 

The  primary  effort  was  directed  towards  examinations  of  (1) 
the  crack  paths  associated  with  subcritical  crack  growth  kinetics 
in  hydrogen  and  hydrogen  sulfide  through  the  microstructure,  and 
(2)  the  location  of  the  fracture  process  zone.  Since  examina¬ 
tions  of  crack  paths  were  carried  out  on  specimens  that  had  been 
used  in  previous  studies  on  crack  growth  [3,4],  only  those  proce¬ 
dures  that  are  new  to  this  study  are  described. 

A  laboratory  vacuum  melted  AISI  4340  steel,  with  extra  low 
residual  impurity  content,  was  used  [3,4].  The  chemical  composi¬ 
tion,  heat  treatment  and  room  temperature  tensile  properties  of 
this  steel  are  given  in  Table  1. 

Fracture  surfaces  produced  from  the  kinetic  studies  [3,4] 
were  examined  with  a  scanning  electron  microscope  (SEM) ,  operated 
in  the  secondary  electron  imaging  mode  at  20  kv.  The  working 
distance  was  16  mm,  and  most  of  the  specimens  were  tilted  25  deg 
about  an  axis  parallel  to  the  direction  of  crack  growth.  In  all 
cases,  the  complete  fracture'  half  of  each  modified  WOL  specimen 
(with  thickness  of  6.-.  m  and  width  of  52.3  mm)  was  placed  into 


the  microscope  for  examination,  thus  eliminating  artifacts  that 
might  be  introduced  by  sample  sectioning.  All  of  the  fracto- 
graphs  were  obtained  from  areas  near  the  mid- thickness  region  of 
the  specimens.  The  location  of  each  of  the  areas  of  interest, 
with  respect  to  the  crack  starter  notch,  was  measured  with  the 
aid  of  the  micrometer  stage  of  the  microscope  so  that  the 
corresponding  stress  intensity  factor  K  can  be  established. 

To  determine  the  extent  of  crack  nucleation  ahead  of  the 
main  crack,  a  special  experiment  was  devised.  In  this  experi¬ 
ment,  sustained- load  crack  growth  was  commenced  in  hydrogen  sul¬ 
fide  and  was  interrupted  following  about  10  mm  of  growth.  At  the 
point  of  interruption,  K  =  38  MPa-m1/2.  The  environmental  chamber 
was  then  evacuated,  and  the  specimen  was  baked  out  in  vacuum  (at 
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about  10  Pa)  at  373  K  for  24  h  to  remove  dissolved  hydrogen. 
The  crack  was  then  extended  about  2.5  mm  by  fatigue  in  vacuum  to 
reveal  features  of  the  crack  front  that  were  associated  with 
prior  crack  growth  in  hydrogen  sulfide.  The  procedure  was  re¬ 
peated  (2.5  mm  of  growth  in  H2S  and  2.5  mm  in  vacuum),  with 
K  *  45  MPa-m^/2  at  the  point  of  interruption,  and  the  specimen 
was  then  fractured  in  air. 

Fracture  surfaces  from  this  special  experiment  were  then 
examined  by  SEM.  Special  attention  was  directed  to  the  region 
along  the  hydrogen-sulfide/vacuum  crack  border  to  determine  the 
extent  of  crack  nucleation  in  advance  of  the  main  crack.  Nucle¬ 
ation  would  be  revealed  by  the  presence  of  isolated  intergranular 
or  quasi-cleavage  facets  in  the  fatigue  fracture  surfaces  pro¬ 
duced  in  vacuum. 


3.  RESULTS 


Detailed  examinations  of  the  fracture  surface  morphology 
(FSM)  of  AISI  4340  steel  specimens  tested  in  hydrogen  and  in 
hydrogen  sulfide  have  been  made  by  scanning  electron  microscopy 
(SEM).  The  results  of  these  examinations  are  considered  in 
relation  to  the  different  temperature  regions  of  crack  growth 
response  (Figs.  1  and  2),  namely,  the  "low"  temperature  region 
(Region  A),  the  "high”  temperature  region  (Region  C)  and  the 
"transition"  region  (Region  B). 

3.1.  General  Features 

Five  failure  modes  are  associated  with  cracking  of  AISI  4340 
steel  in  hydrogen  over  Region  A.  These  failure  modes,  i 1  lustrated 
in  Fig.  3,  are  essentially  the  same  as  those  for  the  maraging 
steels  [7]j  namely: 

(i)  A  predominant  component  of  intergranular  separation 
along  prior-austenite  grain  boundaries. 

(ii)  Grain  facet  markings  and  boundary  phase  cracking. 

(iii)  Microcracks  out  of  the  macroscopic  plane  of  fracture 
(that  is,  secondary  cracks)  along  prior-austenite  grain 
boundaries. 

(iv)  A  small  amount-  of  transgranular  quasi-cleavage  within 
the  prior-austenite  grains. 

(v)  A  small  amount  of  ductile  tearing. 

Of  these,  grain  boundary  or  intergranular  (IG)  separation  and 
quasi-cleavage  (QC)  are  of  primary  interest. 


The  detailed  features  of  intergranular  separation  may  be 


seen  from  Fig.  4.  The  precisely  matched  microf ractographs  were 


taken  from  mating  fracture  surfaces  and  represent  the  area  indi¬ 


cated  by  IG  in  Fig.  3.  Two  types  of  features  are  seen:  (i) 


mating  particle-and-hole  pairs,  as  indicated  by  arrow  1,  and  (ii) 


certain  characteristic  markings,  as  indicated  by  arrow  2.  The 


one-to-one  matching  of  particle-and-hole  pairs  on  mating  grain 


facets  suggest  that  these  pairs  are  formed  by  hydrogen  assisted 


cracking  ^long  the  boundaries  of  residual  phases. 


There  is  considerable  disagreement,  however,  regarding  the 


origin  for  the  observed  characteristic  grain  facet  markings. 


Wayman  and  Smith  [26]  suggested  that  these  markings  are  related 


to  the  impingement  of  martensite  laths  at  the  prior-austenite 


boundaries.  On  the  other  hand,  Williams  and  Nelson  [20] 


considered  them  to  be  deformation  evidenced  on  the  prior 


austenite  grain  boundary  facets.  Beachem  and  Pelloux  [16,27] 


defined  the  grain  facet  markings  as  tearing  ridges,  which 


resulted  from  plastic  tearing  of  ligaments  of  material  between 


growing  microscopic  cracks.  From  Fig.  4,  the  grain  facet 


markings  appear  to  be  more  like  tear  ridges  (versus  impingement 


of  martensite  laths),  particularly  since  corresponding  markings 


on  the  mating  fracture  surface  are  both  convex. 


The  quasi-cleavage  facets  showed  distinct  geometrical 


markings,  Fig.  5.  These  markings  are  related  to  the  microstruc- 


tural  features  of  quenched  and  tempered  martensite  in  AISI  4340 


steel.  The  crystallographic  features  of  these  QC  facets  have 


been  shown  to  be  associated  with  cleavage  along  {110}  planes  in 
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martensite  on  the  basis  of  etch  pit  and  detailed  crystallographic 
analyses.  These  analyses  are  reported  in  detail  elsewhere  [28], 
The  amount  of  quasi-cleavage  on  the  fracture  surfaces  was  small. 
For  AISI  4340  steel  cracked  in  hydrogen  at  133  kPa  and  270  K,  for 
example,  QC  constituted  only  about  14  +7  pet  (estimated  95  pet 
confidence  interval)  of  the  fracture  surface. 

Fracture  surface  morphology  of  specimens  cracked  in  hydrogen 
sulfide  (i.e.,  for  Stage  II  crack  growth  in  Region  A  at  both 
0.133  and  2.66  kPa)  is  essentially  identical  with  that  for 
hydrogen.  Fig.  6.  The  density  of  grain  facet  markings,  and  the 
amount  of  QC  facets  and  of  ductile  tearing  component  is  somewhat 
less  than  those  observed  in  hydrogen.  The  reduced  amount  of 
these  failure  modes  reflects  the  more  severe  embrittling  effect 
of  hydrogen  sulfide  [5,6,18]. 

Meta  1 lographic  sections  of  fractured  specimens  were  also 
examined.  The  results  confirm  the  extensive  hydrogen  assisted 
separation  along  prior  austenite  boundaries  and  transgranu 1  ar 
cracking  observed  by  SEM.  They  also  show  extensive  secondary 
grain  boundary  cracking  and  transgranular  cracking  in  the  region 
adjacent  to  the  main  crack. 

3.2  Correlations  of  FSM  with  Crack  Growth  Kinetics 

Effect  of  stress  intensity  factor  on  cracking  in  Region  A 

Observations  made  over  a  range  of  Kj  values  from  22  to  66 
MPa-m^/^  showed  no  gross  changes  in  fracture  modes  as  crack 
growth  changed  from  Stage  I  to  Stage  II*.  The  density  of  grain 


*The  definition  of  Stage  I  and  Stage  II  crack  growths  are  given 
in  Ref.  [  29] . 
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facet  markings  and  ductile  tearing,  however,  increased  slightly 


with  increasing  Kj,  starting  from  the  fatigue  precrack  on  through 
Stage  I  and  Stage  II,  up  to  the  highest  Kj  levels  investigated. 
This  change  is  indicative  of  an  increase  in  microscopic  plastic 
deformation  with  increase  in  mechanical  crack  driving  force.  The 
amount  of  QC  evidently  was  not  affected  by  Kj  level  in  the  range 
studied.  These  results  are  consistent  with  those  of  maraging 
steels  [7],  but  are  in  disagreement  with  those  reported  by 
Beachem  [16]  and  Kerns  [18]. 

Detailed  examination  of  the  border  region  between  the  fati¬ 
gue  precrack  and  the  affected  crack  showed  that  there  is  no 
resolvable  "stretch  zone"  associated  with  the  onset  of  crack 
growth  [19].  This  result  supports  the  suggestion  that,  in  con¬ 
tradistinction  to  the  case  of  lower  strength  steels,  "plastic 
stretching"  is  not  essential  for  the  initiation  of  hydrogen 
embrittlement  in  high  strength  steels  [7]. 

Effect  of  test  temperature  and  pressure  on  the  fracture 

morphology  for  Stage  II  cracking 

Typical  microf ractographs  taken  from  specimens  tested  in 
hydrogen  at  133  kPa  are  shown  in  Fig.  7.  These  microf ractographs 
show  the  changes  in  fracture  surface  morphology  for  Stage  II 
crack  growth  with  test  temperature.  The  three  lower  temperatures 
correspondto  the  "low"  temperature  region,  or  Region  A,  of  crack 
growth  (see  Fig.  1),  and  the  highest  temperature  corresponds  to 
Region  C. 

In  the  low  temperature  region  (Region  A),  the  Stage  II  crack 
rate  follows  an  exponential  relationship  of  Arrhenius  type  and  is 


controlled  by  the  rate  of  hydrogen-metal  surface  reaction  [4], 
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Over  this  temperature  range,  the  fracture  modes  are  identical. 
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They  are  predominent ly  intergranular  with  respect  to  the  prior- 
austenite  grains,  with  a  small  amount  of  transgranu lar  quasi¬ 
cleavage  (Fig.  7a-c).  In  the  high  temperature  region(Region  C) , 
crack  growth  rate  deviates  from  and  becomes  less  than  that  indi¬ 
cated  by  the  extrapolation  of  the  low-temperature  Arrhenius-type 
relationship.  The  decrease  in  rate  is  accompanied  by  increasing 
amounts  of  transgranular  dimpled  separation  with  increases  in 
temperature.  The  temperature  at  which  the  observed  change  in  FSM 
begins  is  consistent  with  the  temperature  at  which  the  crack 
growth  rate  starts  to  deviate  from  the  Arrhenius  relationship 


(i.e.,  a  transition  from  Region  A  to  Region  C  response).  The 
implication  of  this  correlation  is  discussed  in  Section  4. 

The  fracture  surface  morphology  in  Region  C  is  characterized 
by  the  following  four  components: 

(i)  Transgranular  dimpled  rupture,  some  of  which  covers  an 
area  encompassing  several  prior-austenite  grains.  The 
amount  of  dimpled  rupture  increases  with  increasing 
temperature . 

(ii)  Intergranular  (IG)  separation  along  prior-austenite 
grain  boundaries,  with  extensive  grain  facet  markings. 
The  amount  of  IG  separation,  in  contradistinction  to 
the  dimpled  fai lure,  decreases  with  increasing  tempera¬ 
ture. 

(iii)  A  small  amount  of  transgranular  quasi-cleavage  (QC) 


a 


--4 


m 


separation.  The  QC  component  is  completely  replaced  by 
the  dimpled  rupture  component  with  increasing  tempera¬ 
ture  in  the  early  stages  of  Region  C. 
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(iv)  Intergranular  and  transgranu lar  microcracks  (that  is, 
secondary  cracking)  out  of  the  macroscopic  fracture 
plane. 

Similar  to  that  for  Region  A,  the  Region  C  fracture  morphology  is 
essentially  independent  of  stress  intensity  factor  for  the 
various  hydrogen  pressures.  The  only  noticeable  change  in  FSM  is 
a  small  increase  in  the  amount  of  dimpled  rupture  with  increasing 


The  effect  of  hydrogen  pressure  on  the  fracture  surface 
morphology  at  a  given  temperature  is  small.  The  temperature  for 
the  transition  from  IG  and  QC  to  MVC  modes  of  separation,  how¬ 
ever,  is  obviously  influenced  by  hydrogen  pressure.  For  example, 
the  first  indication  of  MVC  is  observed  at  about  326K  (52°C)  for 
a  hydrogen  pressure  of  133  kPa,  and  is  about  286K  (13°C)  for 
13.3  kPa.  This  fracture  mode  transition  is  again  consistent  with 
the  effect  of  hydrogen  pressure  on  the  temperature  for  transition 
from  Region  A  to  Region  C  crack  growth. 

The  effect  of  temperature  on  the  FSM  associated  with  crack 
growth  in  hydrogen  sulfide  is  essentially  identical  to  that  for 
hydrogen  (compare  Figs.  7  and  8).  At  a  hydrogen  sulfide  pressure 
of  0.133  kPa,  in  Region  A,  the  crack  growth  rate  is  proportional 
to  p//T  and  is  controlled  by  the  rate  of  transport  of  H2S  to  the 
crack  tip.  In  this  region,  the  FSM  is  the  same  as  that  for 
hydrogen  in  Region  A  and  is  unaffected  by  temperature.  with 
increasing  temperature,  into  Region  C,  the  crack  growth  rate 
begins  to  deviate  from  the  p//T  relationship.  A  concommitant 
transition  in  FSM  occurs  with  the  amount  of  dimpled  fracture 


^  \  •  N.  •.  •«. 


RA'f*  w  J’iw  wtj  '  ir.fi  r 


1  ’•.*  <*  r 


-  12  - 


increasing  with  temperature.  The  transition  from  Region  A  to 
Region  C  occurs  at  about  320  K. 

The  fracture  surface  morphology  associated  with  crack  growth 
in  hydrogen  sulfide  at  2.66  kPa  shows  the  same  features  in 
Regions  A  and  C  as  those  seen  in  the  corresponding  regions  at 
the  lower  pressure.  The  transition  in  FSM  occurs  within  the 
range  of  373  to  413  K  at  this  pressure.  It  is  significant  to 
note  that  two  different  processes  have  been  identified  as  rate 
controlling  at  2.66  kPa  in  Region  A  [5].  Below  about  293  K 
(22°C) ,  crack  growth  is  controlled  by  hydrogen  diffusion. 
Beginning  at  about  293  K  (22°C),  there  appears  to  be  a  transfer 
of  control  from  hydrogen  diffusion  to  gas  transport,  with  the 
crack  growth  rate  falling  below  that  indicated  by  an  Arrhenius- 
type  relationship  (Fig.  2).  This  transfer  of  control,  however, 
is  not  accompanied  by  a  change  in  fracture  surface  morphology, 
and  resolvable  amounts  of  dimpled  rupture  do  not  appear  until  the 
test  temperature  exceeds  373  K. 

These  f ractographic  observations  on  specimens  tested  in 
hydrogen  and  in  hydrogen  sulfide  suggest  that  the  fracture  mode 
is  unaffected  by  the  rate  controlling  process  for  crack  growth  as 
long  as  an  adequate  amount  of  hydrogen  is  supplied.  The  transi¬ 
tion  from  the  IG  and  QC  modes  to  the  MVC  mode  of  separation  with 
increasing  temperature  was  accompanied  by  significant  reduction 
in  crack  growth  rate.  The  temperature  for  fracture  mode  transi¬ 
tion  and  the  associated  reduction  in  crack  growth  rate  is 
dependent  on  hydrogen  and  hydrogen  sulfide  pressure.  These 
changes  may  result  from  a  temperature  induced  cut-off  in  hydrogen 


supply  [1,20]  or  from  the  repartitioning  of  hydrogen  amongst  the 
different  microstructura 1  sites.  These  possibilities  are  consi¬ 
dered  in  Section  4. 

3.3  Crack  Nucleation  Site  and  Fracture  Process  Zone 

To  establish  the  location  of  the  FPZ,  a  special  experiment 
is  used  to  determine  the  extent  of  crack  nucleation  ahead  of  the 
main  crack  (see  Section  2).  Macr of ractographs  of  fracture  sur¬ 
faces  produced  in  this  special  experiment  clearly  delineates  the 
different  steps  in  the  experimental  sequence.  Fig.  9.  The  SEM 
results  confirm  that  the  fracture  surface  morphology  produced  by 
crack  growth  under  sustained  load  in  hydrogen  sulfide  is  com¬ 
pletely  different  from  that  produced  by  fatigue  in  vacuum.  Thus, 
the  crack  front  contour  and  crack  nucleation  associated  with 
crack  growth  in  hydrogen  sulfide  can  be  easily  identified. 
A  typical  region  between  fatigue  in  vacuum  and  sustained- load 
crack  growth  in  H2S  is  shown  in  Fig.  10.  There  is  no  evidence 
for  crack  nucleation  in  advance  of  the  main  crack.  To  confirm 
this  observation,  careful  examinations  of  the  entire  crack  front 
region  for  both  low  Kj  and  high  Kj  levels  have  been  made  by  SEM 
and  a  series  of  microf ractographs  were  taken.  A  map  of  such  a 
region  can  be  constructed  from  these  microf ractographs.  A  sketch 
of  a  part  of  this  map  is  shown  in  Fig.  11.  It  can  be  seen  that 
the  crack  front  is  quite  irregular  on  the  microscopic  scale. 
Finger-like  protrusions  extend  from  the  main  crack  front  for 
several  grain  diameters,  or  for  about  20  to  80  pm.  There  is, 
however,  no  evidence  for  isolated  crack  nuclei  ahead  of  the  crack 
front.  The  FPZ,  therefore,  is  considered  to  be  within  one  prior- 
austenite  grain  diameter  of  the  crack  tip.  The  reported  evidence 
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for  nucleation  ahead  of  the  main  crack  [29,30]  may  be  an  artifact 
of  sectioning,  or  may  be  applicable  only  to  the  lower  strength 
steels  where  significant  crack  blunting  can  occur. 

4.  DISCUSSION 

4.1  Crack  Paths  and  Crack  Growth  Kinetics  (The  Role  of 

Microstructure) 

Fractographic  analyses  from  this  study  showed  that  tempera¬ 
ture  is  the  key  variable  in  determining  the  crack  path  for  hydro¬ 
gen  embrittlement  of  AISI  4340  steel.  The  change  in  the  mean 
Stage  II  crack  growth  rate  in  going  from  temperature  Region  A  to 
Region  C,  for  AISI  4340  steel  exposed  to  gaseous  hydrogen  at 
pressures  of  13.3,  57  and  133  kPa,  is  correlated  with  a  transi¬ 
tion  in  fracture  mode.  The  temperatures  at  which  these  changes 
took  place  depended  on  the  hydrogen  pressure.  The  change  in  FSM 
is  difficult  to  explain  in  terms  of  the  model  proposed  by 
Williams  and  Nelson  [1,2,20].  According  to  their  model,  the  low 
temperature  branch  of  the  kinetics  curve  is  controlled  by  acti¬ 
vated  adsorption  of  hydrogen.  The  high  temperature  branch,  on 
the  other  hand,  is  controlled  by  the  equilibrium  between  adsorbed 
and  gaseous  hydrogen.  If  the  associated  change  in  hydrogen 
supply  is  the  sole  cause  for  change  in  crack  response,  then  one 
should  observe  the  same  fracture  surface  morphology  at  the  same 
crack  growth  rate  in  the  two  temperature  regions,  because  the 
hydrogen  supplied  to  the  steel  is  expected  to  be  equal.  The 
observed  difference  in  FSM,  however,  suggests  that  different 
micromechanisms  or  different  hydrogen  embrittlement  processes 
need  to  be  considered  for  the  two  temperature  regions. 


To  examine  the  correlation  between  micromechanisms  (crack 
paths)  and  crack  growth  response,  one  might  divide  the  embrittle¬ 
ment  sequence  roughly  into  three  portions.  These  three  portions 
are  depicted  schematically  in  Fig.  12.  The  first  portion  is 
concerned  with  the  supply  of  hydrogen,  and  includes  gas  phase 
transport,  surface  reactions,  and  entry  and  diffusion  of  hydrogen 
to  the  embrittlement  sites.  The  second  portion  involves  the 
partitioning  of  hydrogen  among  the  potential  fracture  sites  in 
the  microstructure.  These  sites  (i.e.,  the  potential  crack 
paths)  in  AISI  4340  steel  include:  (i)  the  prior-austenite  grain 
boundaries,  (il)  {110}  and  {112}  planes  through  martensites 
[13,14,28,32],  and  (iii)  the  martensite  lattice  itself.  The 
third  portion  deals  with  the  embrittlement  reaction  at  each  type 
of  site,  with  the  prior-austenite  grain  boundaries  being  most 
susceptible  and  the  martensite  lattice  least  susceptible  to  hy¬ 
drogen  embrittlement.  Cracking  at  the  respective  microstructural 
elements  would  depend  on  the  concentration  and  rate  of  supply  of 
hydrogen  there.  The  overall  crack  growth  rate  would  be  deter¬ 
mined  by  the  rates  of  cracking  through  the  participating  micro- 
structural  elements. 

It  is  reasonable  to  suggest  that  the  partitioning  or  distri¬ 
bution  of  hydrogen  to  the  different  microstructural  elements  is  a 
function  of  temperature  and  pressure.  Hence,  the  concentration 
and  rate  of  supply  of  hydrogen  to  the  different  fracture  sites 
becomes  functions  of  temperature  and  pressure.  At  low  tempera¬ 
tures,  most  of  the  hydrogen  concentrates  at  the  prior-austenite 
boundaries  and  at  the  QC  sites.  The  fracture  is  therefore  pre¬ 
dominantly  intergranular,  and  includes  a  small  amount  of  QC 


cleavage.  Because  the  rate  of  supply  of  hydrogen  from  the  exter¬ 
nal  environment  is  relatively  low,  crack  growth  is  controlled  by 
one  of  the  hydrogen  supply  processes  [3-6],  At  the  higher  temper¬ 
atures,  or  in  Region  C,  more  hydrogen  is  expected  to  go  into  the 
martensite  lattice.  Increasing  amounts  of  microvoid  coalescence 
or  dimpled  failure  now  occur  with  increasing  temperature  and 
result  in  slower  c rack  growth  rates.  Accordingly,  the  changes  in 
crack  growth  rate  and  crack  growth  response  with  temperature  are 
attributed  now  to  the  transfer  of  micromechanisms  of  fracture 
instead  of  the  process  of  hydrogen  supply.  The  reduction  in  rate 
with  temperature  may  be  enhanced  by  gas-adsorbate  equilibrium, 
which  further  reduces  the  availability  of  hydrogen  at  the  more 
susceptible  sites  and  elsewhere  in  the  microstructure.  The 
foregoing  considerations  are  equally  applicable  to  hydrogen  and 
hydrogen  sulfide. 

Based  on  these  considerations,  preliminary  modeling  has  been 
carried  out  [33].  The  results  suggest  that  Stage  II  crack  growth 
rate  can  be  expressed  approximately  as  a  function  of  temperature 
and  pressure  by  Eqn.  (1). 

(da/dt)  jj  =  z  (ctifiKi)  Qt  (1) 

The  subscript  i  in  Eqn.  (1)  represents  the  i*-*1  fracture  mode, 
such  as  IG,  QC  and  MVC.  The  other  terms  are  defined  as  follows: 


crack  growth  rate  coefficient  for  the  i 
mode. 


areal  fraction  for  the  ifc^  mode. 


hydrogen  distribution  coefficient  for  the  i 
mode;  £  k<  ■  1. 


Qt  *  rate  of  supply  of  hydrogen  to  the  FPZ. 

The  rate  of  supply  of  hydrogen  to  the  FPZ,  for  simplified  cases, 
takes  on  the  following  form  [3,4,6]: 

For  surface  reaction  control 

Qt  58  csPo1/2  exP (-ES/RT )  (2) 

For  transport  control 

Qt  =  CtP0//T  (3) 

For  diffusion  control 

Qt  =  cdPo1/2  exp(-Ed/2RT)  (4) 

The  hydrogen  distribution  coefficients,  icj,  may  be  derived  by 
using  either  Boltzmann  or  Fermi-Dirac  statistics  [33],  These 
coefficients  depend  on  the  binding  enthalpy  (HB)  for  hydrogen  to 
the  lattice  defects  (such  as  dislocations  and  grain  boundaries) 
and  the  rate  of  supply  of  hydrogen  to  the  different  microstruc- 
tural  elements. 

Based  on  Eqns.  (1)  to  (4),  and  on  reasonable  estimates  of  HB 
of  about  90  kJ/mol  and  of  other  parameters,  the  temperature  and 
pressure  dependence  for  Stage  II  crack  growth  in  high-strength 
steels  was  obtained  [33].  The  "predicted"  dependence  is  consis¬ 
tent  with  expectations  and  appears  to  be  in  good  agreement  with 
the  experimental  results  for  AISI  4340  steel  in  both  hydrogen  and 
hydrogen  sulfide  from  the  previous  studies  [3-5,33]  (see  Figs.  1 
and  2).  Clearly,  partitioning  of  hydrogen  among  the  different 
microstructural  elements  plays  an  important  role  in  determining 
the  kinetics  of  crack  growth  and  the  crack  growth  response.  This 
partitioning  must  be  considered  in  addition  to  the  considerations 


of  hydrogen  supply;  the  latter  being  exemplified  by  that  of 
Williams  and  Nelson  [1,20]. 

4.2  Fracture  Process  Zone  and  Hydrogen  Embrittlement 

This  part  of  the  discussion  is  important  to  the  question  of 
how  far  hydrogen  must  penetrate  into  the  steel  ahead  of  the  crack 
tip  to  induce  cracking.  Several  investigators  [30,31,34,35]  have 
suggested  that  hydrogen  must  diffuse  to  the  region  of  maximum 
stress  triaxiality  beyond  the  plastic  enclave  where  crack  nuclea- 
tion  takes  place.  Johnson  [39],  on  the  other  hand,  suggested 
that  the  site  of  crack  nucleation  is  at  the  position  of  "maximum 
plastic  triaxiality",  which  is  well  inside  the  plastic  enclave 
and  thereby  requiring  a  much  shorter  diffusion  distance.  Neither 
case,  however,  is  consistent  with  the  experimental  observations. 

If  microcrack  initiation  had  occurred  in  a  region  beyond  the 
plastic  enclave  [30,31,34,35],  then  a  number  of  crack  nuclei 
should  have  existed  at  a  distance  away  from  the  crack  tip;  for 
example,  0.13  mm  at  Kj  *  35  MPa-m^^  for  AISI  4340  steel.  The 
results  of  this  study,  however,  showed  no  evidence  for  such 
crack  nucleation  ahead  of  the  main  crack.  On  the  other  hand,  if 
initiation  had  taken  place  at  the  position  of  maximum  plastic 
triaxiality  [38,39],  estimated  to  be  at  10”5  to  10”*  mm  from  the 
crack  tip  for  high  strength  steels,  the  isolated  crack  nuclei  may 
not  have  been  resolvable  by  scanning  electron  microscopy.  The 
absence  of  isolated  crack  nuclei,  therefore,  does  not  rule  out 
the  initiation  of  microcracks  at  regions  of  high  triaxiality.  It 
suggests  only  that  the  initiation  site  would  be  very  close  to  the 
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It  is  interesting  to  note,  however,  that  the  assumption  of 
crack  nucleation  at  the  site  of  maximum  stress  triaxiality  (whe¬ 
ther  it  be  at  the  edge  of  the  plastic  enclave  or  well  inside  of 
the  plastic  zone,  but  close  to  the  crack  tip)  would  lead  to  In¬ 
dependent  crack  growth.  This  Kj  dependence  may  be  demonstrated 
by  the  following  analysis  for  the  case  of  diffusion  controlled 
crack  growth.  Taking  the  distance  from  the  crack  nucleus  to  the 
tip  of  the  main  crack  to  be  6fc  and  the  time  required  for  each 
increment  of  crack  growth  to  be  tcr,  the  rate  of  Stage  II  crack 
growth  is  given  simply  by  Eqn.  (5). 

(da/dt)  jj  =  <$t/tcr  (5) 

The  time  tcr  may  be  roughly  estimated  from  Eqn.  (6)  by  letting 
be  equal  to  the  diffusion  distance  for  hydrogen  136). 

fccr  *  6t/4D  (6> 

where  D  is  the  diffusion  coefficient  for  hydrogen  in  the  matrix. 
Substitution  of  tcr  from  Eqn.  (6)  into  Eqn.  (5)  leads  to  the 
following  expression  for  (da/dt) jj. 

(da/dt)  j  j  *4D/St  (7) 

Based  on  the  assumption  that  cracks  nucleate  at  the  site  of 
maximum  stress  triaxiality,  the  value  of  6t  would  be  given  by 


either  Eqn.  (8)  or  Eqn.  (9). 


5t  *  Ki^/‘>rOys^ 


(plastic  zone  size  [37]) 


$t  *  Kj/SEoyg  (distance  to  the  region  of  maximum  (9) 

plastic  triaxiality  [38]) 
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where  E  and  OyS  are  the  elastic  modulus  and  yield  strength  of  the 
material  respectively.  In  either  case,  the  crack  growth  rate 
would  be  inversely  proportional  to  Kj  ;  as  shown  by  Eqn.  (10). 

(da/dt) j  j  =  A (D/Kj2)  (10) 

where  A  in  Eqn.  (10)  is  a  proportionality  constant.  A  similar 
equation  may  be  derived  directly  from  Johnson's  diffusion  model 
[39],  The  predicted  dependence  on  Kj  from  Eqn.  (10)  is  clearly 
inconsistent  with  experimental  observations  of  Kj -independent 
crack  growth,  and  suggest  that  the  assumption  of  advanced  nuclea- 
tion  at  the  site  of  stress  triaxiality,  coupled  with  diffusion 
controlled  growth,  is  not  tenable. 

The  fact  that  no  isolated  nuclei  exist  in  advance  of  the 
main  crack  does  not  mean  that  hydrogen  embrittlement  is  a  surface 
process.  Based  on  results  obtained  in  this  study,  one  can  only 
suggest  that  this  nucleation  would  occur  at  a  distance  that  is 
quite  small  with  respect  to  the  prior-austenite  grain  size  and 
that  the  crack  growth  increment  somehow  remains  constant  at  each 
critical  time  tcr. 

5 .  SUMMARY 

A  comprehensive  program  was  undertaken  to  study  the 
correlations  of  fracture  surface  morphologies  with  crack  growth 
response,  and  to  determine  the  extent  crack  of  nucleation  ahead 
of  the  main  crack  for  AISI  4340  steel  fractured  under  sustained 
load  in  hydrogen  and  in  hydrogen  sulfide.  The  principal  results 
from  this  study  are  as  follows: 


The  fracture  surface  morphology  was  essentially  identi¬ 
cal  for  hydrogen  and  hydrogen  sulfide.  For  crack  growth 
at  "low”  temperatures,  the  crack  followed  predominantly 
along  prior  austenite  grain  boundaries,  with  a  small 
amount  of  quasi-cleavage  separation.  At  the  "high" 
temperatures,  cracking  occurred  predominantly  by 
intergranular  separation  and  microvoid  coalescence. 
Fracture  morphologies  were  independent  of  stress  inten- 
sity  factor  and  crack  growth  rate,  through  the  Stages  I 
and  II  transitions,  for  all  temperature  and  pressure 
conditions  studied. 

Temperature  was  the  key  variable  in  determining  the 
crack  path  for  hydrogen  embrittlement  of  AISI  4340 
steel.  The  transition  in  fracture  mode  (i.e.,  crack 
path)  was  directly  correlated  with  the  temperature  in~ 
duced  transition  in  mean  Stage  II  crack  growth  rate. 
The  temperatures  at  which  these  transitions  take  place 
depend  on  the  hydrogen  and  hydrogen  sulfide  pressure. 
There  was  no  change  in  fracture  surface  morphology  as 
the  rate  controlling  process  transfers  from  one  to 
another.  This  f ractographic  observation  supports  the 
fact  that  transfer  of  control  is  not  necessarily 
accompanied  by  a  change  in  the  micromechanism  for 
embrittlement . 

There  was  no  evidence  for  isolated  crack  nuclei  ahead  of 
the  main  crack.  Composites  of  microf ractographs  taken 
along  the  crack  front  showed  that  the  crack  front  was 
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quite  irregular  on  the  microscopic  scale.  Fingerlike 
protrusions  extend  from  the  main  crack  front  for  several 
grain  diameters. 

These  results  suggest  that  the  prior  austenite  grain  bound- 
aries,  {110}a«  and  {112}  ai  planes  of  martensites,  and  the  marten¬ 
site  lattice  itself  are  potential  fracture  sites.  The  rate  of 
cracking  by  each  fracture  mode  appears  to  depend  on  the  local 
concentration  and  rate  of  supply  of  hydrogen  to  these  fracture 
sites.  The  crack  growth  rate  and  response,  therefore,  are  ex¬ 
pected  to  depend  on  temperature,  pressure  and  the  partitioning  of 
hydrogen  among  these  different  microstructura 1  elements.  Crack 
growth  response  at  high  temperatures  may  be  controlled  by  the 
fracture  mechanism,  or  by  the  gas-adsorbate  equilibrium,  or  both, 
whereas  it  is  controlled  by  the  hydrogen  supply  processes  at  low 
temperatures.  The  absence  of  isolated  crack  nuclei  suggests  that 
nucleation  of  cracks  at  the  site  of  maximum  triaxial  stress  is 
not  a  necessary  condition  for  hydrogen  assisted  cracking.  This 
nucleation  would  occur  at  a  distance  that  is  quite  small  with 
respect  to  the  prior-austenite  grain  size  and  that  distance 
somehow  remains  constant. 
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Figure  2  s  Effect  of  temperature  on  the  rate  of 
Stage  II  crack  growth  in  AISI  4340 
steel  (tempered  at  477  K)  in  hydrogen 
sulfide  at  0.13  and  2.66  kPa.  [5] 


STAGE  H  CRACK  GROWTH  RATE  (in/s) 


Figure  3 :  Scanning  electron  microfractograph  of 
Stage  XI  cracking  in  AISI  4340  steel 
exposed  to  hydrogen  in  Region  A  (p  * 

133  kPa,  T  *  296X) .  The  arrows  indi¬ 
cate  intergranular  separation  (IG) , 
quasi-cleavage  (QC) *  secondary  cracking 
(SC) f  grain  boundary  marking  (GM) ,  and 
ductile  tearing  (DT) . 


granular  separation*  grain  facet  marking,  boundary 
phase  cracking  and  secondary  cracking  along  prior 
austenite  grain  boundaries.  (1-1  indicate  a  hole- 
particle  pair  and  2-2  a  tear  ridge  pair.) 
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Figure  9s  Macro iractograph  of  AISI  4340  steel  tested 

in  vacuum  and  in  hydrogen  sulfide  at  0.067 


Figure  10:  Scanning  electron  fractograph 

of  a  typical  region  between  frac¬ 
ture  in  hydrogen  sulfide  under 
sustained  load  (HAC)  and  frac¬ 
ture  by  fatigue  in  vacuum  at 
1.3  x  10~4  Pa  (FCG). 
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